Background-Encapsulation of cells has the potential to eliminate the need for immunosuppression for cellular transplantation. Recently, the TheraCyte® device was shown to provide long-term immunoprotection of murine islets in the NOD/SCID mouse model of diabetes. In this report, translational studies were undertaken using skin fibroblasts from an unrelated rhesus monkey donor that were transduced with an HIV-1-derived lentiviral vector expressing firefly luciferase permitting the use of bioluminescence imaging (BLI) to monitor cell survival over time and in a noninvasive manner.
INTRODUCTION
Conditioning regimens, chronic immune suppression, and graft-versus-host disease present significant challenges for cellular transplantation (1, 2) . To avoid the need to modulate the immune system, cell encapsulation devices have been considered (3, 4) . Many encapsulation studies, to date, have employed microencapsulation technology, in which small numbers of cells are placed within alginates or other hydrogels. Larger encapsulation devices, such as the TheraCyte® macroencapsulation system, offer advantages which includes the encapsulation of a relatively large number of cells (e.g., ≥ 1×10 6 ), and the convenience that the device can be removed for analysis (5) (6) (7) (8) . Prior challenges with early prototypes such as fibrosis and a barrier to diffusion across the membrane have been overcome with current technology using a bilayered membrane. In studies with these devices cell survival has typically been monitored by secreted proteins or the immunohistochemical analysis of explanted devices.
Experimental studies focused on encapsulation have involved rodents and in some cases larger species (5) (6) (7) (8) . While rodent models are important they present some limitations because of a less complex immune system when compared to humans. In contrast, there are important similarities between human and nonhuman primate MHC genes and development of the T-cell repertoire, providing important preclinical and translational opportunities for study (9) . Advances in in vivo imaging also present a means to monitor graft survival in real time, and in a noninvasive manner (10) . This study describes the transplantation of encapsulated allogeneic rhesus monkey fibroblasts from an unrelated donor, and monitoring of graft survival by in vivo bioluminescent imaging (BLI) over time. The findings from this study represent an important step toward clinical translation of encapsulation technology.
MATERIALS AND METHODS
All animal procedures conformed to the requirements of the Animal Welfare Act and protocols were approved prior to implementation by the Institutional Animal Care and Use Committee at the University of California, Davis. A total of three young rhesus monkeys (Macaca mulatta) were included in these studies. Rhesus monkey skin fibroblasts from an unrelated donor were previously cryopreserved using a controlled rate cryopreservation protocol were thawed, expanded, and prepared for transduction with a lentiviral vector as previously described (10, 11) . Briefly, fibroblasts were plated at 5×10 3 cells/cm 2 then incubated at 37°C overnight, and transduced with an HIV-1-derived lentiviral vector (1×10 6 infectious particles/ ml) expressing firefly luciferase under the control of the MND promoter in medium containing 4 mg/ml polybrene. After cells reached approximately 80% confluence, cells were trypsinized and replated in culture medium at 5×10 3 cells/cm 2 .
Transduced fibroblasts were plated at 3.9×10 2 -1.0×10 5 cells/well with 100 mg/ml D-luciferin added to the medium and imaged using a Xenogen IVIS®200 Series imaging system (Caliper Life Sciences, Alameda, CA) with Living Image Software for post-imaging analysis (10) and to confirm luciferase expression. Cells were expanded and at approximately 80% confluence washed with PBS, incubated with 0.25% trypsin-EDTA for 5 min at 37°C, and culture medium added to inactivate trypsin activity. Fibroblasts were collected, counted, and washed three times in PBS using established techniques. Sterile TheraCyte® encapsulation devices (20 µl ported; Irvine, CA) were prepared according to the manufacturer's instructions. Approximately 1×10 7 transduced fibroblasts were gently injected into each TheraCyte device through the port under sterile conditions then sealed with medical adhesive (Dow Corning, MI). Each device was washed in sterile PBS and transported in sterile PBS in preparation for insertion into rhesus monkeys (~2 years of age; N=2). The device was inserted subcutaneous (SC) between the scapulae in telazol-sedated animals (5-8 mg/kg) after sterile preparation of the site and blunt dissection of a pocket of sufficient size to insert the device with the port end in a cranial orientation. Fibroblasts (1×10 7 transduced cells) without encapsulation were injected SC at the same anatomical location in a third monkey. Immediately after insertion of the device (N=2) or direct cell injection (N=1) each animal was injected intravenously with 100 mg/ml Dluciferin via a peripheral vessel for in vivo imaging. Luciferin administration and imaging was then performed at 1 week, every 2 weeks up to 3 months, then monthly thereafter in telazolsedated animals. Complete blood counts and clinical chemistry panels were assessed prior to insertion and at each imaging session (all parameters were within normal limits).
RESULTS
BLI and quantitative analysis of fibroblasts showed that an average of 459.5 ± 57.8 photons/ sec/cm 2 (p/s) were emitted from each cell by the firefly luciferase-luciferin reaction when the cells were initially assessed in vitro. A standard curve was generated by plating transduced fibroblasts and imaging for photon emissions. A strong correlation was shown between the number of cells plated and photons detected (Fig. 1) . As few as 300 cells (5×10 4 p/s) per well were detected. The number of photons emitted from encapsulated fibroblasts was also assessed after placing the device in a sterile culture dish with sterile PBS and adding luciferin (Fig. 2,  left panel) . The number of photons observed under these conditions was 1.5×10 10 p/s, which was equivalent to 1.5×10 7 cells.
Compared to the in vitro imaging of the encapsulated cells, an approximate 50-fold decrease in the number of photons (2.8×10 8 p/s) was detected immediately following SC placement (Fig. 2, right panel) , resulting from attenuation of light through skin (~3 mm) (10) . Since cells expressing luciferase were confined within the TheraCyte® device, this outcome accurately reflects the quantity of light scattered. During the first week post-transplant, an 81.6 ± 4.8% decline in the number of photons emitted from the site was observed (Fig. 3) . The level of photon emissions remained stable up to 7 months post-insertion, then the signal declined gradually to background levels by 12 months (data not shown). The Theracyte® device was removed at approximately 12 months post-insertion and immediately imaged and showed 5×10 6 p/s (data not shown). The additional animal transplanted with encapsulated fibroblasts also showed robust cell survival and transgene expression post-transplant up to the time points evaluated (2 months) (data not shown). There was no evidence of fibrosis at the insertion site in either of these animals. In the control animal, the number of photons declined approximately 97% at one week after insertion, with no detectable signal at 2 weeks (see Fig. 3 ) or thereafter.
DISCUSSION
The long-term survival of encapsulated rhesus monkey skin fibroblasts provides evidence to support the potential to develop such techniques for cell transplantation protocols, and to use in vivo imaging to monitor cell survival. While the ability of the device to provide xenograft protection has been controversial (6) (7) (8) 12) , the semi-permeable membrane of the TheraCyte® device was shown in this study to be very effective in protecting encapsulated cells from host immune responses. Lee et al. (13) also recently demonstrated that the TheraCyte® device protects murine β-cells from both allo-and auto-immune rejection. Further, in studies in NOD/ SCID mice, encapsulated human β-cell progenitors survived, differentiated, and functioned to ameliorate diabetes.
In the study described here, BLI of macroencapsulated fibroblasts expressing luciferase was performed one week post-transplantation and revealed a decline in the number of photons. This may represent a downregulation of luciferase expression or cell loss (13) . It is important to note that transduced fibroblasts used in this study were at the log phase of growth at the time of encapsulation and when the photon emission measurements were collected. Upon insertion, cells can undergo contact inhibition and may downregulate a number of genes including luciferase. Zou et al. (14) reported a similar loss of reporter gene activity by contact inhibition in NIH3T3 cells.
These preliminary studies have demonstrated that TheraCyte® encapsulation can support the survival of allogeneic nonhuman primate fibroblasts, protecting the cells from rejection. These findings have important implications for the use of such technology for clinical-based therapies such as those proposed for diabetes and other similar congenital or acquired diseases, and might also be useful for studies focused on cell loss in other allogeneic cell therapy settings (e.g., Upper panels show a control animal that received cells injected SC without encapsulation. Bottom panel shows one monkey implanted SC with the TheraCyte® device containing allogeneic skin fibroblasts expressing luciferase and imaged immediately after insertion then at 1 week, 2 weeks, and monthly up to 12 months. After an initial decline in the level of photon emission stable levels of photons/sec (p/s) were observed for 7 months.
